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ABSTRACT 

We present UBVRI broad band, Ha narrow band photometry of the star forming 
complexes in the infra-red bright galaxy NGC 1084. Results of medium resolution 
spectroscopy of some of the brighter complexes are also discussed. Spectroscopic data 
is used to better estimate the internal reddening within the galaxy which is found to be 
highly variable and to calculate metallicity which is close to the solar value. Diagnostic 
diagram identifies the shocked regions within this galaxy. The narrow band Ha flux and 
its equivalent width are used to determine the star formation rates of the complexes 
and the distribution of ages. Star formation rates for a few of the complexes are found 
to be as high as 0.5 M0yr~^. The star forming complexes lie in the age range 3 Myr 
to 6.5 Myr. U — B vs V — I colour-colour mixed population model created using 
the Starburst99 model colours is used to estimate the ages of the stellar populations 
present within these regions. Using this technique, it is found that the star formation 
in NGC 1084 has taken place in a series of short bursts over the last 40 Myr or so. It 
is proposed that the likely trigger for enhanced star formation is merger with a gas 
rich dwarf galaxy. 

Key words: star forming regions; general - galaxies: individual: NGC 1084 



1 INTRODUCTION 

Although current theoretical models of star formation his- 
tories of galaxies are largely supported by powerful multi- 
wavelength studies, further observational data still remains 
crucial for understanding chemical evolution, star formation 
history and the triggering mechanisms for star formation 
in galaxies. The effects of internal disk structure such as 
bars and spiral arms play a vital role, but it is the exter- 
nal environmental influences such as tidal interactions and 
mergers which h ave much strong er effects on star forma- 
tion (review by iMoorwoodI Il996l and references therein). 
Numerous observations have established this link between 
strong starbursts and merger of galaxies. Several studies of 
such spectacular systems have been done, few of them be- 
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Galaxies evolve not only dynamically but also chem- 
ically. Emission line spectra provide estimates of abun- 
dance of light elements which are useful towards a study of 
chemical evolution of galaxies. Dust distribution is highly 
chaotic in galaxies and may be uniform and clumpy in 
the foreground, as w ell as mixed with the emitting region 
l|Calzetti et al.|[l993) . An accurate estimate of reddening is 
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necessary for an accurate determination of the emission line 
ratios which provide an insight into the chemical evolution 
and help in estimating star formation rates. 

In this paper we try to investigate the recent star forma- 
tion and the star formation history in the spiral galaxy NGC 
1084 using narrow band Hq, broad band UBVRI and spec- 
troscopy after obtaining reasonable estimates of the variable 
internal reddening within the galaxy. 

NGC 1084 is classified as SA(s)c in RC3 catalogue 
(|de Vaucouleurs et al. 1991). Its classification has recently 
been revised bv lEskridge et al.l ([2002 1 based on the Ohio 
State University (OSU) Bright Spiral Galaxy Survey, and 
is assigned the class of Sbc and Sb based on the B band 
and H band images, respectively. The H band image of 
this galaxy reveals a bright nuclear point source, elongated 
bulge along the major axis, multi arm pattern, without well 
defined arms, and a number of bright knots. This galaxy 
is known to have strong nuclear and patchy circumnuclear 
Ha emission (Knapcn et al. 2006). It posse sses kinemati- 
cally distinct regions, lAfanasiev et al.l (|l988l ) first detected 
non-circular phenomena in the central region (R < 5") and 
in the periphery of the galaxy at around 40" — 50" to the 
north-ea st from the centre, which was later confirmed by 
iMoiseevI ([2000) who also drew attention to the "spur" of 
HII regions in the nort h-east pa r t of t he galaxy which does 
not follow spiral arms. ICondonI (|l987l ) mapped the galaxy 
at 1.49 GHz and noted a continuum source 3'. 5 south of the 
galaxy. 
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Observations and data reduction are presented in Sec- 
tion [2] results of narrow band, broad band photometry and 
spectroscopy in Section |3] of this paper. Section |4] discusses 
steUar populations with star formation rates and abun- 
dances of star forming regions. Conclusion is presented in 
Section [S] 



2 OBSERVATIONS AND ANALYSIS 
2.1 Optical imaging 

NGC 1084 was observed with the 2m Himalayan Chandra 
Telescope (HCT), Indian Astronomical Observatory, Hanle, 
India, using the Himalaya Faint Object Spectrograph 
Camera (HFOSC), equipped with a 2K x 4K SITe CCD 
chip. The central 2K x 2K region, with a plate scale 
of 0".296/pixel and the total field of view of 10 x 10 
arcmin'^ was used for imaging. Observations were done 
under photometric sky condition on 04 December 2004. 
The log of imaging observations is given in Table [T] Images 
of the galaxy in Bessell's broad band filters UBVRI were 
obtained. Standard stars from the list of Landolt (1992) 
were observed to calibrate the broad band photometry. The 
other calibration frames namely bias frames were obtained 
throughout the night at an interval of about an hour; 
evening and morning twilight flats were also taken for flat 
field correction. Data reductions were carried out using 
the standard packages available within IRAF software. 
Images were bias subtracted and flat field corrected using 
the master bias and master twilight fiat frames, respec- 
tively, to remove the pixel to pixel variation. The images 
in different filters were aligned with respect to one another 
using geometric mapping tasks geomap and geotran, to 
bring them to the same co-ordinate system. The cosmic ray 
hits in the images were removed using the cosmicrays task. 
Sky background in the galaxy frame was estimated at the 
regions away from the galaxy and not affected by the stars. 
B band image and B — V colour map of the galaxy NGC 
1084 are displayed in Figures [1] and [2] The formal error 
introduced in the photometry by the calibration is of the 
order of 0.03-0.08 mag. 

The galaxy images were taken with narrow band Ha 
(band width ~100 A) filter. For flux calibration of narrow 
band Ha image, spectrophotometric standard star Hiltner 
102 was observed. The pre-processing steps were similar to 
the broad band images. Pure Ha line image is obtained by 
subtracting a psf-matched and scaled version of the con- 
tinuum image (which includ es line e missio n also) from the 
Ha image, as described bv IWaUeij ijiggoT ). R band image 
of the galax y has been used for continuum subtraction. As 
discussed bv I James et al.l (|2004| ). for dark nights, the scaled 
R band exposure gives an excellent continuum subtraction. 
The continuum subtracted Ha image is displayed in Figure 

m 

^ Image Reduction & Analysis Facility Software distributed by 
National Optical Astronomy Observatories, which are operated 
by the Association of Universities for Research in Astronomy, Inc. , 
under co-operative agreement with the National Science Founda- 
tion 
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Figure 1. Galaxy NGC 1084 in B band. North is up and East is 
towards left. Size of the image is 3' x3' corresponding to 16.4x16.4 
kpc2. (Ho = 75 kms-lMpc-l). 




Figure 2. B — V colour map of NGC 1084 reveals chaotic dust 
distribution. North is up and East is to the left. Dark and light 
shades in the image represent blue {B — y=0.19 mag) and red 
(B — y=0.83 mag) regions, respectively. Nucleus of the galaxy 
appears red due to large concentration of dust. A break in the 
spiral arm towards north-east is due to the presence of a dust 
lane. Size of the image is 3' X 3' slightly offset to the south with 
respect to Figures [T] and |3] The dust patch between the nucleus 
and bright star to the south is seen in Figures 1 and 2. In addition, 
in the southern part of the galaxy there is a blue spot below the 
bright star, continuing along the bridge to the dwarf galaxy (see 
Section |4j. 
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Table 1. Log of photometric observations. 



Date of Obs. Filter Exposure Seeing 



(sec.) 


04 Dec 2004 


U 


960 


2" 5 




B 


480 


2'.'0 




V 


240 


I'.'g 




R 


240 


I'.'S 




I 


240 


I'.'e 




Ha 


1800 


1'.'5 




I 



30" 



Figure 3. Continuum subtracted H« line image of NGC 1084 re- 
veals 27 star forming complexes spread over the face of the galaxy. 
The circles surrounding the star forming complexes represent the 
aperture used to get the flux of these complexes. Size of the im- 
age is 3' X 3'. The trape zium labeled as M represents the "spur" 
region of iMoiseevI ||2000|) . See Section |4] for explanation. 



2.2 Optical Spectroscopy 

Long-slit spectroscopic observations of the star forming com- 
plexes were done with a combination of grism Gr7 and 
1671 slit (l'.'92 X 11'), which covers the wavelength range 
3800 — 6840 A with a dispersion of 1.45 A/pixel (corresponds 
to 82 kms~^pixel~^ at the central wavelength of 5320 A). To 
identify the complexes and to align the slit over these com- 
plexes, shorter exposures in Ha were taken. We have also 
determined the exact central coordinates of the complexes 
with the help of astrometry with respect to the USNO Bl 
stars registered in the frame. Summary of spectroscopic ob- 
servations is given in Table [2] 

Spectroscopic reduction involves extraction of the spec- 
tra using apall task in specred package of IRAF. Wavelength 
calibration of the spectra is achieved using the Ferrous- 
Argon lamp spectrum. The combination of grism Gr7 and 
1671 slit gives a spectral resolution of ~10 A. Spectropho- 
tometric standard Hiltner 600 was used for flux calibration 
of the spectra. The reduced spectra of the knots have been 
plotted in Figures |4] and [5] 



Table 2. Log of spectroscopic observations. Complex in the sec- 
ond column refers to the star forming regions identified in Fig|3] 
(see Section [2T1fc[3T2t. 



Date of Obs. 


Complex 


Exposure 


05 Dec 2004 


CI 


900 s 




C3 


900 s 


12 Dec 2004 


C2 


900 s 




C7 


900 s 




C18 


1800 s 


13 Dec 2004 


C4 


1800 s 




C9 


1800 s 




Cll 


900 s 


05 Sep 2005 


C15 


900 s 




C16 


900 s 




C17 


2700 s 




G20 


1800 s 


06 Sep 2005 


C5 


900 s 



positive sliift ill 1x10 units 




4000 5000 6000 7000 

Wavelength (A) 



Figure 4. Spectra of a few of the bright complexes in NGC 1084, 
these are displaced arbitrarily for clear viewing. The nomencla- 
ture follows Fig. 3. 



3 RESULTS 

3.1 Broad band imaging 

B and B — V images of the galaxy are displayed in Fig- 
ures [1] and [2] In the broad band image, the spiral arms, 
knotty structures within the arms and intermittent promi- 
nent dust lanes are clearly seen. The main body of the galaxy 
seems to have very faint extension in the north-east and 
south-west direction, with many faint knots embedded in 
them. The B — V colour image of the galaxy can be used 
to trace the distribution of the star forming knots and dust 
in the galaxy. The nucleus of the galaxy has very red colour 
(B — V = 0.83 mag), indicative of large amount of dust 
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Figure 5. Same as the fig. 4 for a few additional complexes. 



concentration, surrounded by spiral arms, forming a blue 
ring [B — V = 0.3 mag). The extent of the dust patch at 
the nucleus as measured from the B — V colour map is ~1 
kpc. The faint extensions seen in the broad band images are 
blue in colour, indicative of ongoing star formation in these 
regions too. Comparison oi B — V colour image with the 
pure Ha emission line image (refer Figure |3} shows that the 
bluer regions in the B — V colour image correspond to the 
prominent emission regions in the Ha line image, though 
the sizes of both the regio ns are not identical, as noted by 
lElmegreen fc Salzej (|l999l ) in a sample of spiral and irregu- 
lar galaxies. 

The broad band UBVRI photometry of the complexes 
is presented in Table O To get accurate photometry, a 
proper choice of the source and background aperture sizes 
is important. One of the main source of error in photometry 
is the crowding of the complexes. It can be seen from the 
continuum image (Figure [T]) and continuum subtracted 
Ha image (Figure [3| that the star forming complexes 
have different shapes and sizes, which indicates the need 
to define apertures and background regions for individual 
complexes. Centres of the complexes were estimated from 
the continuum subtracted Ha image, and same centres 
were used to obtain the broad band magnitudes using 
aperture photometry with the aperture radii overplotted 
on the continuum subtracted Ha image in Figure |3] and 
listed in Table [S] Galaxy background subtraction plays a 
crucial role in the photometry of star forming complexes. 
We have estimated the galaxy background in an annulus 
just beyond the integration aperture of each complex. 
Photo metric calibration of the data is done using iLandoltl 
standards. The reddening correction for different 
complexes are determined as discussed in Section 3.3.2. The 
dereddened colours for the complexes are also presented in 
Table 13 



3.2 Narrow band imaging 

As can be seen from the continuum subtracted image (Fig- 
ure [31 of the galaxy, the star forming regions are not well 
isolated, instead they are extended and distorted and hence 
make it difficult to define the border of individual region. 
Many HH regions are overlapping in the image and one will 
undoubtedly miss a number of HH regions that are too weak 
to be detected in the vicinity of stronger emitters close by 
l|Rozas et al.lll999l ). 

Objective criteria have been used in the literature to de- 
fine the sizes of HH reg ions with the a i m of d eter mining their 
luminosity fu nctions fB radlev et al.l |2006| and iFathi et al.l 
\200t ). iRandl (1992. ) selected the HH regions based on the 
criteria that they are centrally peaked with the peak fiux ex- 
ceeding the local background by a factor of l.S. lRozas et al.l 
(1999) selected HH regions only if they comprise of at least 
nine continuous pixels, each with an intensity of at least 3 
times the rms noise level of the local background. Here we 
apply a similar criterion that the HH regions are centrally 
peaked with peak fiux having an intensity of at least 5 times 
the rms noise level of the local background. Since our inten- 
tion is to obtain accurate Ha as well as continuum fiuxes 
for selected regions, we have chosen aperture sizes such that 
broad band UBVRI magnitudes are accurate to 0.1 mag. 
This has resulted in clubbing more than one HH region in a 
single aperture when the underlying continuum is faint. 

In this way we group the star fo rming regions i n this 
gal axy into 27 complexes (Figure [3]). iHavnes et al.l (|l999l ) 
an d iKoribalski et alj (|2004 ) using HI data calculated the ra- 
dial velocity of the galaxy as 1411 kms~^ and 1400 kms~^, 
assuming velocity = 1407 kms"^ (NED) and Ho = 75 
kms~'^Mpc~^ the distance to NGC 1084 is calculated as 
18.76 Mpc (1" corresponds to 91 pc at this distance). The 
extent of these luminous HH regions varies from a few hun- 
dred pc to a few kpc. Almost all the Galactic HH regions 
have diameters much less than 50 pc . The c haracteristic di- 
ameter obtained by IVan den Bergbl (|l98ll ') for our galaxy 
is around 44 pc and the minimum characteristic diameter 
of HH regions o btained for oth er nearby s piral ga l axies was 
25 pc. However. IVan den Berghl l|l98ll ) and lHodgd l|l987f) . in 
their study concluded that the mean characteristic diameter 
of HH regions for spirals is around 150 pc. The minimum size 
of the complex obtained for NGC 1084 is 191 pc for complex 
C27 and the maximum size obtained is around 1.1 kpc for 
complex C3. Thus, the star forming complexes identified by 
us in the continuum subtracted Ha image of NGC 1084 are 
groups of HH regions, ionized by multiple OB star clusters. 

The star formation history of galaxies can be traced us- 
ing the integrated Ha equivalent widths, which are usually 
measured spectroscopically, however, the continuum sub- 
tracted Ha image of the galaxy can be used more effectively 
to include emission from the entire complex. One of the main 
problems in deriving star formation related quantities using 
narrow band Ha imaging is the need for large and uncer- 
tain extinction corrections, and correction for the contribu- 
tion due to [Nil] emission. The spectroscopically measured 
Balmer decrement is a good tracer of the extinction within 
the star forming region. Further, the contamination of Ha 
fiux and equivalent widths due to [Nil] lines at A 6548 A and 
A658 4 A is found to vary from galaxy to ga laxy (|Kennicuttl 
Il992h and within a galaxy l|Greenawaltll 19981 ). It is concluded 
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Table 3. Reddening corrected magnitudes and colours for each of the complexes. 



ID Aperture E(B - V) V (U - B)o (B - V)o (V - R)o (V - I)o 

arcscc 



1 


5.4 


0.45 


13.409 


-0.170 


0.372 


0.204 


0.624 


2 


9.5 


0.32 


13.723 


2.047 


0.593 


0.255 


0.558 


3 


12.0 


0.32 


13.279 


-0.813 


0.078 


0.132 


0.221 


4 


6.0 


0.45 


14.453 


-0.903 


-0.075 


0.093 


0.053 


5 


4.8 


0.07 


17.397 


-0.875 


0.262 


0.353 


0.665 


6 


3.6 


0.32 


17.937 


-1.049 


0.284 


0.307 


0.519 


7 


9.0 


0.32 


14.786 


-1.085 


-0.486 


-0.034 


-0.685 


8 


4.2 


0.45 


14.834 


-1.011 


-0.152 


0.023 


-0.018 


9 


9.0 


0.45 


14.513 


-1.708 


0.265 


0.385 


1.230 


10 


4.8 


0.45 


16.289 


-1.493 


0.797 


-0.124 


0.140 


11 


10.2 


0.45 


12.875 


-0.604 


-0.060 


0.057 


0.082 


12 


9.0 


0.15 


16.640 


-1.156 


-0.144 


0.500 


0.477 


13 


3.6 


0.15 


19.019 


-1.786 


0.031 


0.753 


0.997 


14 


2.4 


0.15 


20.218 


-1.569 


-0.168 


0.434 


0.285 


15 


3.6 


0.15 


18.355 


-0.813 


0.063 


0.338 


0.108 


16 


3.6 


0.15 


18.386 


-0.817 


0.699 


0.415 


0.751 


17 


3.0 


0.45 


18.847 


0.184 


-0.280 


0.665 


0.483 


18 


7.2 


0.07 


15.318 


-0.452 


0.386 


0.347 


0.708 


19 


6.0 


0.07 


15.866 


0.586 


0.545 


0.291 


0.640 


20 


3.6 


0.45 


16.505 


-0.248 


-0.165 


-0.001 


0.281 


21 


3.6 


0.45 


14.942 


-0.330 


0.284 


0.171 


0.420 


22 


4.8 


0.45 


14.969 


-0.155 


0.340 


0.364 


0.741 


23 


2.4 


0.45 


15.755 


-0.359 


0.504 


0.172 


0.319 


24 


4.5 


0.07 


16.839 


-0.795 


0.316 


0.287 


0.617 


25 


2.4 


0.45 


17.847 


-1.025 


0.143 


0.117 


0.121 


26 


2.4 


0.45 


16.497 


-0.878 


0.041 


0.010 


0.150 


27 


2.1 


0.45 


17.876 


-1.264 


0.157 


0.423 


0.605 



bv lDopita eT^ tOOj ) that the Ha imaging can be used as a 
reliable indicator of star formation in starburst galaxies only 
if the spectroscopic data is also available to correct for inter- 
nal extinction and contribution due to [Nil] emission. As a 
first order estimate [Nil] emissi on is taken t o be 30% of the 
total Ha-f [Nil] flux as given bv iKennicutO (119831 ). The flux 
in the star forming complexes have been measured from the 
continuum subtracted Ha line image, within the aperture 
listed in Table 3 and corrected for contributions due to red- 
dening measured from the spectroscopic Balmer decrement 
(see Section r3.3.2p and due to [Nil]. The corrected Ha fluxes 
along with the Ha luminosity for the complexes have been 
given in Tabled The Ha equivalent widt hs of the comp lexes 
estimated using the expression given by IWalleij (|l990l ) are 
shown in Table O Strong Ha emission from the complexes 
is the evidenc e for a very young (< 8 Myr) population of 
massive stars (|Whitmore et al.ll2005l ). 

3.3 Spectroscopy 

3. 3. 1 Emission line fluxes 

The integrated fluxes of the main nebular lines Ha, H/3, 
[OH] A3727 A and [OIII] A4959,5007 A have been measured 
from the reduced spectra of the star forming complexes. The 
measured Balmer line fluxes of star forming regions are al- 
ways an underestimate of the real flux due to the presence of 
underlying stellar absorption of hydrogen lines and also the 
internal extinction due to the dust present in these regions. 
The absorption equivalent width due to the underlying 
stellar population depends on the age of starburst and 



star formation history jlzotov et al.l Il994l . iGonzalez et al.l 
[1999) which is uncertain and hence we adopt a con- 
stant absorpti on equivalent width of 2 A for all the hy- 
drogen hues (iPopescu fc Hood |2000| . iMcCall et al.l Il985l . 
[Shields fc Searld 119781 ). iMcCall et all (|l985D assumed that 
the first four Balmer series Ha, H/3, H7 and H5 all have 
the same a bsorption equivalent wid ths similar to the as- 
sumption of [Shields fc SearT3 l| 19781 ) and used H7 and H/3 
equivalent widths to determine the absorption equivalent 
width of underlying Balmer absorption. The above a s sump - 
tion is valid as the model atmospheres by iKuruc i (I1979D 
show that the absorption equivalent widths for Ha, H/3 and 
H7 agree to within 30% and H/3 and H7 equivalent width s 
agree to within 3% for any given star j McCall et al.lll985l ). 
[Shields fc Searli (| 19781 ) and lMcCall eTa l. (1985) tried to ob- 
tain a best fit to the theoretical Balmer decrement Ha/H/3 
from the observed Ha/H/3 fluxes for which reddening correc- 
tions have already been applied, and estimated absorption 
equivalent widths for 3 HII regions in MlOl to be 2 A and 
1.9 A, respectively. Here, we adopt this value of 2 A for 
co rrecting for t he un derlying stellar population using Eq. 3 
of iKong et al] (|2002l ) 

where Fune'^"^ and Fii„e°'"' are the absorption corrected 
and observed emission line fluxes, respectively. EWii„e°''" 
is the observed equivalent width of the emission lines and 
EWiine"'^'' is the equivalent width of underlying stellar 
absorption taken as 2 A. 
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Table 4. Positions and Ha luminosities of the star forming complexes. 



ID RA DEC log[f(Ha+ [NII]]l log[f(Ha)]2 log(luminosity) 



hh:mm:ss.ss dd:mm:ss.s 



1 


02 


45 


59.92 


-07 


34 


42.6 


-12, 


.687 


-12.384 


40.240 


2 


02 


46 


01.24 


-07 


34 


38.0 


-12, 


.265 


-12.093 


40.531 


3 


02 


46 


02.05 


-07 


34 


19.6 


-12, 


.009 


-11.838 


40.786 


4 


02 


46 


01.24 


-07 


34 


07.5 


-12, 


.590 


-12.286 


40.338 


5 


02 


46 


00.24 


-07 


33 


53.6 


-13, 


.121 


-13.205 


39.420 


6 


02 


46 


02.68 


-07 


34 


05.0 


-13, 


.824 


-13.653 


38.971 


7 


02 


46 


00.43 


-07 


34 


19.4 


-12, 


.197 


-12.026 


40.599 


8 


02 


45 


59.57 


-07 


34 


15.9 


-12, 


.784 


-12.481 


40.143 


9 


02 


45 


59.28 


-07 


34 


26.6 


-12, 


.104 


-11.800 


40.824 


10 


02 


45 


58.86 


-07 


34 


38.2 


-12, 


.901 


-12.597 


40.027 


11 


02 


45 


58.43 


-07 


34 


53.7 


-12 


.161 


-11.857 


40.767 


12 


02 


45 


58.09 


-07 


35 


33.0 


-12, 


.678 


-12.681 


39.944 


13 


02 


45 


58.95 


-07 


35 


36.5 


-13, 


.179 


-13.182 


39.443 


14 


02 


46 


00.28 


-07 


35 


38.1 


-13, 


.886 


-13.889 


38.736 


15 


02 


45 


59.76 


-07 


35 


28.0 


-13, 


.448 


-13.450 


39.175 


16 


02 


45 


59.32 


-07 


35 


21.5 


-13, 


.248 


-13.250 


39.374 


17 


02 


45 


58.76 


-07 


35 


12.1 


-13, 


.444 


-13.140 


39.484 


18 


02 


46 


00.37 


-07 


35 


09.9 


-12, 


.581 


-12.664 


39.960 


19 


02 


46 


01.52 


-07 


34 


54.3 


-12, 


.776 


-12.860 


39.764 


20 


02 


46 


00.39 


-07 


34 


54.7 


-13, 


.178 


-12.874 


39.750 


21 


02 


45 


59.70 


-07 


34 


50.0 


-13, 


.098 


-12.794 


40.830 


22 


02 


46 


00.02 


-07 


34 


32.5 


-12, 


.919 


-12.615 


40.009 


23 


02 


45 


59.38 


-07 


34 


41.1 


-13, 


.454 


-13.151 


39.473 


24 


02 


46 


01.12 


-07 


35 


03.1 


-13, 


.159 


-13.243 


39.382 


25 


02 


46 


00.57 


-07 


34 


02.7 


-13, 


.582 


-13.278 


39.346 


26 


02 


45 


58.83 


-07 


35 


05.9 


-13, 


.615 


-13.311 


39.313 


27 


02 


45 


57.58 


-07 


35 


02.0 


-13, 


.668 


-13.364 


39.260 



^ Observed flux. 

^ H« flux corrected for reddening and contribution due to [Nil]. 



The 2 A absorption equivalent width is a factor of 3 
lower than would be predicted for a n ormal unevolved OB 
association. This fact was explained bv lMcCall erahl (|l985l ) 
as due to the enhancement of the upper IMF which decreases 
absorption equivalent widths due to the contribution by the 
high mass stars of significant continuum flux and whose frac- 
tional population increases with the metal abundance. The 
second alternative explanation for lower value of absorption 
equivalent width could be that, the OB association might 
contain evolved stars, supergiant OB stars contributing to 
the observed continuum flux and thereby diluting the ab- 
sorption equivalent width to a value ~2-3 A. 



Stellar absorption correction is crucial as the underly- 
ing Balmer absorption lines steepen the emission Balmer 
decrement Ha/H/3 significantly which leads to an overesti- 
mate of the extinction which in turn influences the other 
line ratios. This we tried to check in our spectra while cal- 
culating the E{B — V) values (see Section [3. 3. 2 1) for various 
complexes for which spectra were obtained. E{B — V) value 
for complex C7 was found to be 0.76 mag when the stellar 
absorption correction was not applied and 0.32 mag after 
the 2 A absorption equivalent width correction. A decrease 
of ^0.2 mag in E{B — V) was observed for several other 
complexes. 



3.3.2 Reddening 

The reddening E{B — V) in t he Milky Way in th e direc tion of 
NGC 1084 as determined bv lBurstein fc Heile j ([1984') using 
th e HI column density is 0.013 mag while another estimate 
bv lSchlegel et al.l (|l998l ) using the COBE and IRAS maps is 
0.027 mag. We have taken E{B -V) = 0.027 mag to correct 
for the Galactic reddening. 

A comparison between pure Ha image and B — V colour 
image of NGC 1084 reveals that there are several star form- 
ing complexes e.g. CI, C9, CIO, Cll, C21, C22, C23 etc. 
which are heavily extincted by the dust, whereas there are 
other complexes which are relatively less obscured, indicat- 
ing a non-uniform distribution of the dust. In such cases de- 
termination of internal reddening within the galaxy is very 
important. This can be achieved either by classifying the star 
forming complexes into different extinction bins, according 
to how much dust is presen t in the immediate vicinity of the 
cluster (|Hunter et aL|[2000[) . with a priori knowledge of the 
variation of the reddening within the galaxy by some other 
means, or by estimating the reddening for the individual 
star forming complexes by spectroscopic observations. Here, 
we have opted for an intermediate approach by determining 
E{B — V) spectroscopically for some brighter star forming 
complexes namely CI, C2, C3, C4, C5, C7, C9, Cll, C15, 
C16, C17, C18 and C20, spread over the face of the galaxy 
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and assigning the same reddening to the other nearby com- 
plexes. 

The internal extinction due to dust can be estimated 
by comparing the Balmer line ratio Ha/H/3 obtained after 
correcting for the underlying stellar absorption to the the- 
oretical Balmer decrement (2.87) for case B recombination 
at 10* K. The internal col our excess Eb-v^" * is calculated 
using the relation given bv lKong et all (|2002| ). 



where, 



= A^/Ry = 1.086r„/7?„ 



(1) 



^ l"lF„^/F„i3]-ln[lHc/lHfi] 

{A„„/5500)-')-7-(Aj,^/5500)~"-7 



based on the effective ab s orptio n curve tx = (A/5500) "'^ 
given bv ICharlot fc Falll (|200G| ). [FHa/FHfi] is the ratio of 
stellar absorption corrected observed line fluxes of Ha and 
H/3. [lHa/lHi3] = 2.87 for starburst galaxies. The spectro- 
scopically determined reddening values for the complexes 
are listed in Table [6l To get an estimate of reddening for the 
other complexes we assigned E(B ~ V) values depending 
on its proximity to the complex for which we have spec- 
troscopically determined E{B — V) value. In this way all 
the complexes can be put in extinction bins. Complexes CI, 
C4, C8, C9, CIO, Cll, C17, C20, C21, C22, C23, C25, C26 
and C27 which are located in the inner region of the galaxy, 
having very red colour in the B — V image, indicative of 
presence of heavy internal extinction, have been assigned 
E{B - V)tot =0.45. Complexes C2, C3, C6 and C7 which lie 
on the north-east side of the nucleus can be put in the sec- 
ond bin with an intermediate value of E{B — V)tot = 0.32. 
In the third bin with E{B — V)tot = 0.15 complexes C12, 
C13, C14, C15 and C16 can be grouped, which are lying 
on the southern part of the galaxy. Remaining complexes 
namely C5, C18, C19 and C24 are considered to have lowest 
value of E{B — V)tot = 0.07. Ou r estimates of the internal 
redden ing are similar to those of IHo. Filippenko fc Sargend 
for the HII regions in the centres of nearby galaxies. 
We would like to mention here that the observed 
Fhc/Fh/s ratio for complex C18 is less than the assumed 

[NII]A6548 



theoretical ratio of 2.87, moreover, the [iv[ii]aa6548 6584-FHa 
ratio is about 16% unlike in the other complexes where it is 
found to be around 5-6%. Assuming 5-6% as the standard 
ratio, excess of 11% of the [Nil] A6548 A flux is added back to 
the Hq flux. Now the ratio of observed Fhc/Fhii for com- 
plex C18, after the stellar absorption correction is = 2.99, 
a httle more than the theoretical 2.87 value, which trans- 
lates to the colour excess £fl_v"'*=0.07 as shown in Table 
[6l From the reddening distribution on the face of the galaxy 
it is clear that the complexes C8, C9, CIO, Cll have the 
highest reddening and complexes C18, C19 and C24 have 
the least reddening, it indicates that complexes C18, C19 
and C24 which are in the south-east part of the galaxy, are 
towards the observer, whereas complexes C8, C9, CIO, Cll 
occupy the region which is away from the obser ver; similar 
conclusion was also arrived at bv lMoiseevI (|2000l ). 
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Figure 6. Colour-Colour diagram of the complexes. Tracks are 
the SB99 model tracks with Salpeter IMF and solar metallicity. 



4 DISCUSSION 

4.1 Colour-colour diagrams 

Figure [6] sho ws the colour-colour d iagram for the complexes. 
Starburst99 (|Leitherer et al.lll999l l model tracks are shown 
for solar metallicity with Salpeter IMF for mass ranging 
from 1 Mq to 100 Mq. The complexes do not fall exactly 
on the tracks even after correcting for internal extinction. 
The deviation of complexes C2, C13, C17, CIO, C23, C19 
from the superimposed track may be due to the fainter de- 
tection limit in Ha than in the broad band filters, which 
resulted in more uncertainty in the colours. Also, a few 
complexes may have chaotic dust distribution which can- 
not be corrected completely wi th simple extinc t ion co rrec- 
tion. It has been obser ved by IWeistrop etHI l|2004h and 
iMavva fc Prabhul ()l996h that the continuum extinctions are 
about twice greater than the ones determin ed from spec- 
trosc opy and hence needs rigorous modelling jCalzetti et al.l 
Il994h . Another possible explanation could be that these 
complexes have multiple populations embedded in them 
which is displacing their position away from the tracks. 

We try to investigate the possibility of multiple popu- 
lations using models created from the Starburst99 model 
tracks. The Starburst99 model evolutionary tracks offer 
a range of initial conditions namely initial mass function 
(IMF), metallicity and mode of star formation i.e. contin- 
uous and instantaneous. The oxygen abundance for some 
bright knots were determined using medium resolution spec- 
troscopy (Section 4.3) and it is found that the oxygen abun- 
dance is close to solar. We checked amongst the three pos- 
sible IMF available with Starburst99 model and found it 
diflicuh to constrain the IMF using {U - B) and {B - V) 
colours. So, we have adopted a Salpeter IMF with lower and 
upper mass limits of 1 Mq and 100 Mq, which are com- 
monly used for star forming regions. Out of the two possi- 
ble models of star formation we have selected instantaneous 
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Figure 7. U—B vs V—I composite colour-colour diagram created 
for mixed populations. Solid curve represents tlie mix of 0.01-10 
Myr recent young ionizing component with the 10-20 Myr old 
component along with different proportions which is given by 
the fraction /=1.5, 1.0, 0.5, 0.175, 0.1. / is the ratio of young 
component to the old component. Dash-dotted curve corresponds 
to a composite mix of 0.01-10 Myr with 20-30 Myr population. 
Dashed curve corresponds to mixed populations of 0.01-10 Myr 
and 30-40 Myr. Dotted curves correspond to young component 
0.01-10 Myr mixed with 200-210 Myr old component, mixed at 
different proportions. /=1.0 and 0.01. Thick black line with black 
dots corresponds to original SB99 colour-colour curve with single 
age plotted from 0.01-1000 Myr. See Section l4.1l for explanation. 
Error bars here refers to the photometric errors. 

burst as the star forming regions in our sample are simila r 
to the star clusters or associations (jWeistrop et al.ll2004h . 
So the mixed population model is created from Starburst99 
undergoing an instantaneous burst with Salpeter IMF in the 
mass range 1 Mq to 100 Mq. We consider the recent burst 
to have an age between 0.01 Myr and 10 Myr and add a pop- 
ulation 10 Myr older than this. Similarly we construct evo- 
lutionary tracks for current burst of age 0.01-10 Myr mixed 
with an older population seperated by 20, 30 and 200 Myr. 
For each age range including the young component, the cor- 
responding Mu, Mb, Mv and Mj were read off from the 
Starburst99, Salpeter IMF models. Mu of 0.01-10 Myr was 
mixed with each of 10-20 Myr, 20-30 Myr, 30-40 Myr and 
200-210 Myr in the flux domain and a composite Mu was 
obtained. Similarly Mb, My and A/j were mixed in the flux 
domain. These magnitudes were used to calculate composite 
U — B and V — I colours for various mix. The mixed pop- 
ulation curves are plotted asU — BvsV — I colour-colour 
diagram in Figure [T] R band is not considered here because 
of contribution due to the Ha emission. 

The solid curve in Figure[7]corresponds to a mix of 0.01 
Myr and 10 Myr populations evolving over 10 Myr. Dash- 
dotted, dashed and dotted curves represent evolution of a 
mix of 0.01 Myr with 20 Myr, 30 Myr and 200 Myr popu- 
lation, and evolved for 10 Myr. Thick black line with black 



dots corresponds to original, single age Starburst99 model 
evolutionary track plotted from 0.01-1000 Myr for reference. 
Observed colours of many of the star forming complexes 
namely C3, C4, C8, Cll, C12, C15 and C18 flt into these 
curves, giving us an idea about the plausible age range of 
the old population embedded in them. These curves trace 
a mix of equal proportion of young to old population. Next 
we consider the mix of young and old population in different 
proportions /, where / is the ratio of young to old compo- 
nent. Increasing co ntribution of youn g component (/ >1.0) 
was considered by iDiaz et al] l|2000l) in their study of HII 
regions of four different galaxies. We obtain model curves 
for /=0.1, 0.175 and 0.5 representing a young population 
of 10%, 17.5% and 50% of the older population, and f=1.5 
representing the young population 1.5 times stronger than 
the old population. 

As seen in Figure[7l complex C16 lies on the /=0.1 curve 
indicating that the strength of the recent burst is only 10% 
of the older burst that took place 10 Myr earlier. Similarly 
C5, C6, C12, C24, C25, C26, C27 fall on curves with differ- 
ent strengths of the current burst with respect to the burst 
that took place 10 Myr earlier. The complexes C3 and C15 
clearly have an underlying component 20 Myr older than the 
current one, and it is likely that C8 may also have similarly 
older component. The underlying component in complexes 
C4, CIO, Cll and CIS appear much older. It is interesting 
that the complexes CI and C21 can be modelled with fairly 
evolved recent burst which is at 1% level of a 200 Myr old 
burst, and C17, C20, C22, C23 may also be modelled with 
small variations in the model. It thus appears possible that 
recurrent starbursts have taken place in the circumnuclear 
region about 2 00 Myr ago, and ha ve taken place in the disk 
more recently. lAllard et al.l (|2006l ) had reached similar con- 
clusion on the circumnuclear ring of MlOO, that the star 
formation had occurred in a series of short bursts over the 
last 500 Myr triggered by the feeding of gas from the disk 
to the bar. 

4.2 Age of the complexes 

Because of the degeneracy between age and extinction, both 
producing a reddening, the age cannot be determined in a 
unique way from the colours. The difficulty is compounded 
by the presence of older bursts. However, the equivalent 
width of Ha can be used to estimate the age, as it decreases 
with age. Therefore, ages of the complexes are determined 
by comparing the equivalent width of the Ha emission line, 
measured from the continuum subtracted Ha image (Fig- 
ure |3j of the galaxy with the Starburst99 model prediction 
and are listed in Table (5) The spread in the age of the com- 
plexes is 3.24 to 6.45 Myr. We do not expect to see star 
forming regions with age less than 3 Myr, as they are buried 
deep in the molecular clouds, and greater than 7 Myr since 
the ionizing flux becomes too low to produce detectable Ha 
emission. 

While a spectrum of OB stars distributed in an initial 
mass function ionize the star forming complexes, often the 
number of equivalent 05 stars is used as a measure of the 
size of the young cluster. The number of Lyman continuum 
photons emitted by an 05 star is of the order of lO''^ pho- 
tons s ~^ and logfA^ium) = 52.4 imp lies a total of 1000 05 
stars (|Ravindranath fc PrabhullTgQSI ). Table 5 gives the to- 
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Table 5. Table showing Ha equivalent width, H« Luminosity, No. of Lyman photons, the star formation rate and age calculated using 
the Starburst99 model, for all the complexes. Refer Figure [3] for identification 



ID EW(Ha) log(Lum.) log(N,y„,) SFR AGE No.of O 





A 






Mgyr-i 


Myr 


stars 


1 


37.25 


40.24 


52.11 


0.14 


6.45 


513 


2 


97.06 


40.53 


52.40 


0.27 


6.16 


1000 


3 


116.2 


40.79 


52.65 


0.48 


6.07 


1778 


4 


122.1 


40.34 


52.20 


0.17 


6.04 


631 


5 


221.6 


39.42 


51.29 


0.02 


5.75 


78 


6 


129.6 


38.97 


50.84 


0.01 


5.99 


28 


7 


302.1 


40.60 


52.46 


0.31 


5.55 


1148 


8 


110.7 


40.14 


52.01 


0.11 


6.09 


407 


9 


394.5 


40.82 


52.69 


0.53 


5.27 


1950 


10 


323.2 


40.03 


51.89 


0.08 


5.49 


309 


11 


76.59 


40.77 


52.63 


0.46 


6.28 


1698 


12 


368.8 


39.94 


51.81 


0.07 


5.39 


257 


13 


1041.0 


39.44 


51.31 


0.02 


3.24 


81 


14 


616.6 


38.74 


50.60 


0.00 


3.55 


16 


15 


304.6 


39.17 


51.04 


0.01 


5.54 


44 


16 


496.0 


39.37 


51.24 


0.02 


4.56 


69 


17 


977.5 


39.48 


51.35 


0.02 


3.26 


89 


18 


113.3 


39.96 


51.83 


0.07 


6.08 


269 


19 


119.6 


39.76 


51.63 


0.05 


6.02 


170 


20 


208.6 


39.75 


51.62 


0.04 


5.81 


166 


21 


59.39 


39.83 


51.70 


0.05 


6.31 


200 


22 


92.05 


40.01 


51.87 


0.08 


6.12 


295 


23 


55.29 


39.47 


51.34 


0.02 


6.31 


87 


24 


148.3 


39.38 


51.25 


0.02 


5.94 


71 


25 


283.3 


39.35 


51.21 


0.02 


5.60 


65 


26 


75.69 


39.31 


51.18 


0.02 


6.28 


60 


27 


238.4 


39.26 


51.13 


0.01 


5.70 


54 




6.5 6.6 6.7 6. a 6.9 



Log{Age in Myr) 

Figure 8. Plot showing the equivalent width of Ha versus age 
of the complexes. Model track is taken from Starburst99 model. 
Ages estimated for the complexes are between 3.2 Myr to 6.45 
Myr. Error bars plotted here correspond to error on the equivalent 
width. 



tal number of equivalent 05 stars in the HII complexes of 
NGC 1084. 

4.3 Abundance estimates 

Optical emission lines from star forming regions have long 
been the primary rneans of gas-phase chemic al diagnosis in 
galaxies (iPagelll 19861 . 1 Alleill 1990l . 1shield Jl990l and references 
therein). Optical emission line spectroscopy preferentially 
samples the warm ionized phase of the interstellar medium 
in the immediate vicinity of recent star formation events. 
Chemical analyses of these star forming regions require mea- 
surement of H and He recombination lines along with coUi- 
sionally excited lines from one or more ionization states of 
heavy element species. Oxygen is the most commonly used 
metallicity indicator in the interstellar medium by virtue of 
its high relative abundance and strong emission lines in the 
optical part of the spectrum and also due to the fact that 
oxygen is an excellent coolant. Electron temperature drops 
with the increasing abundance of coolants and hence oxy- 
gen lines are also good indicator of electron temperature. 
The most precise method of determining the abundance 
of galaxies requires the detection of temperature sensitive 
[OIII] A4363 A, an emission line which is often not detected 
in the metal rich galaxies. Abundance estimate of the star 
forming knots can be made by statistical methods based on 
strong lines. The abundance calculation is made with various 
methods available in th e liter ature f or optical emissio n line 
spectra jZaritskv et all ll994l (Z94'). iMcGaughl ll99ll (M91). 
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Chariot fc Longhettil l200ll fCL01). iKobulnickv et all 1 19991, 
Kewlev fc Dopitall2002l )7 We compared the results of these 



methods and found them to be agreeing well with each other, 
the average value is being treated as the oxygen abundance 
as shown in Table |6l The temperature determination could 
not be made using the standard line ratio ([OIII] A5007 A+ 
A4959 A) /[OIII] A4363 A as [OIII] A4363 A was too weak 
to observe. 

From Table [HI it is clear that the mean [NII]/Hq ratio 
for the spectroscopically observed complexes is ~0.3, and 
the mean [SII]/Hq ratio is ~0.25, except for the complex 
C18, which shows considerably larger value of [SII]/Ha ra- 
tio. The [SII]/Ha ratio can be used as a discriminant for 
shock heated versus p hotoionized gas (|Blair fc Loud 1 19971 . 
IWhitmore et al.ll2005l) . The regions which are heated due to 
radiative shocks occuring in relatively dense material (as is 
seen in supernovae remnants) tend to have [SII]/HQf > 0.4, 
whereas the regions which are photoionized by the light from 
hot stars (i.e. HII regions) are known to have lower values 
of [SII]/Ha (typically < 0.2). So, all the spectroscopically 
observed complexes, except for C5, C16, C18, appear to be 
purely photoionized. Complex C18 shows considerable dif- 
ferences as compared to others: it has a low value of internal 
reddening, low value of [Nil] /[Oil] ratio, but with interme- 
diate range in Ha luminosity and colours. This unusual be- 
haviour of complex CIS might be explained if this region has 
a very high supernova explosion rate. The number of super- 
novae observed in the last 40 yrs in this galaxy has been 
3 which is moderately high. These are SN1961P, SN1996an 
and SN1998dl (the last two are Typell events). Shocks due 
to older supernovae in the CIS regions might have ionized 
the medium and lowered the internal reddening by sweeping 
out the interstellar material. 

To further analyse this issue we use the standard di- 
agnosti c d iagrams of Vcillcux & Ostcrbrock (1987) modi- 
fied bv lPopita et ai.l l|2000l ) aud i Allen et al.l (|1998l ') as Map- 
pings III. Figure [9] shows the plot of log([OIII]/H/3) versus 
log([NII]/Ha) for spectroscopically observed complexes (re- 
fer Table |SJ along with the Mappings III model prediction 
for HII regions for an instantaneous burst model adopted 
from Starburst99. Also plotted in the figure are the model 
predictions due to shock ionizat ion. Figure [5] is similar to 
Figure 3 of iMazzuca et all (|2006l ). 

It is clear from Figure |9] that, for the star forming com- 
plexes, [OIII]/H/3 and [Nil] /Ha ratios lie in the solar metal- 
licity region. Although, [Nil] /Ha values which are the indi- 
cator s of strong shock excitation or an AGN jPopita et al.l 
|2002| ). vary within a small range of 0.25 to 0.35, the 
[0III]/H/9 ratio found to vary in a large range from 0.35 to 
1.45 for these complexes. Low values of [0III]/H/3 character- 
ize the star forming regions and photoionization due to mas- 
sive OB type stars whereas high values of [0III]/H/3 are due 
to other mechanisms like shock ionization. [OIII]/H/3 > 3 
corresponds to photoionization of gas by non-thermal o r 
power law type continuum radiation (jAllard et al.l [200^ . 
High [0III]/H/3 values can arise in HII regions if the metal- 
licity of the gas is sufficiently changing within the galaxy 
but as can be seen here metallicity remains constant over 
the face of the galaxy and hence the large fluctuations of 
the [OIII]/H/3 ratio wit hin a galaxy suggest a variation of 
the ionizing mechanism (jSarzi et al 

From Figure [9] complexes C5, C7, C16 and CIS are all 
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Figure 9. Diagnostic diagram of [OIIIJ/H/3 vs. [NII]/Ha for the 
spectroscopically observed complexes plotted as filled dots. Also 
plotted are the grids of Mappings III starburst (solid lines) mod- 
els for difl'erent Z and shock (solid and dotted lines to the upper 
right) models, the dotted lines represent increasing shock velocity 
Vs = 150, 200, 300, 500, 750 and 1000 kms"! and the connected 
solid lines are for increasing mag netic parameter b = 0. 5, 1.0, 2.0 
and 4.0. Plot is similar to that of [ M azzuc a et al. 1 ll2006h. For ex- 
planation on models refer iDopita et al and lAllen et ahl 
(:1998) . 



having [0III]/H/3 > 1 and this value is similar to shock ion- 
ization in LINER nuclei of galaxies (|Veilleux fc Osterbrockl 
1 19.871, lAllard et al]|2006l l. Complex C16 falls right in the 
shock region of Mappings III model; closely following this 
complex are C18 and C5. By considering the above facts 
we can substantiate that complexes C16 and C18 form the 
shock affected region. From the mixed population colour- 
colour diagram (refer Figure [7)l for complex C16, it is seen 
that the underlying older population present, is in the age 
range 10-20 Myr. Also the fraction of young to old compo- 
nent for C16 is 0.1 meaning that young recent burst com- 
ponent is 10% when compared to the older component or 
in other words the quantity of older population present is 
higher. Considering these two facts, one can see that the 
massive stars of the older population present in this region 
have undergone supernova explosion whose shells might have 
expanded sufficiently into space creating shocks. Such shocks 
can also induce further burst of star formation. 



4.4 Star formation rate 

The star formation indicators spanning from ultraviolet to 
radio are used to obtain the star formation rates in galaxies. 
The nebular lines effectively re-emit the stellar luminosity 
shortward of the Lyman limit, so they provide a direct probe 
of the young massive stellar population. Hydrogen recombi- 
nation lines, specially Ha line flux have been used exten- 
sively to estimate the number of Lyman continuum photons 
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Table 6. Oxygen Abundances of the complexes for which spectra could be obtained. 
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ID 2 3 4 5 7 9 11 15 16 17 18 20 

E{B-V) 0.34 0.29 0.45 0.10 0.32 0.44 0.50 0.17 0.14 0.53 0.07 0.47 

log([NII]/H„) -0.51 -0.59 -0.57 -0.60 -0.53 -0.60 -0.55 -0.61 -0.44 -0.47 -0.56 -0.45 

log([OIII]/H;3) -0.32 0.02 -0.04 0.15 0.08 -0.04 -0.43 -0.01 0.13 -0.03 0.16 -0.67 

log([SII]/Ha) -0.66 -0.64 -0.55 -0.36 -0.46 -0.60 -0.64 -0.53 -0.32 -0.42 -0.30 -0.61 

[SII] (6717/6731) 1.48 1.38 1.48 1.53 1.33 1.35 1.85 1.34 1.43 1.48 1.47 1.13 

log([NII]/[OII]) -0.53 -0.52 -0.65 -0.70 -0.60 -0.47 -0.50 -0.33 -0.61 -0.65 -0.86 -0.26 

log(RTi) 0.52 0.53 0.62 0.68 0.72 0.46 0.43 0.39 0.76 0.69 0.85 0.22 

log(0/H)+12 

«og([NII]/[OII]) 8.89 8.898 8.82 8.67 8.85 8.92 8.91 8.98 8.85 8.83 8.69 9.02 

Z94 8.985 8.97 8.88 8.67 8.91 9.03 9.06 9.08 8.70 8.804 8.54 9.18 

M91 8.83 8.82 8.73 8.56 8.63 8.92 8.88 8.92 8.59 8.66 8.60 8.99 

CLOl 9.10 8.90 8.86 8.69 8.81 8.83 9.01 8.72 8.74 8.85 8.58 9.09 

Avg;j.A/,CL 8-97 8-897 8.82 8.64 8.78 8.93 8.98 8.91 8.67 8.77 8.57 9.09 



that are being emitted by massive stars in the HII regions 
and star formation rates p<ie nnicutt 1981^, iKennicutt et al.l 
11994 iKennicuttllTggi . ICalzetti et al. Il200i). Since the main 
source contributing to the ionizing radiation are the stars 
with masses greater than 10 Mq and age less than 10 Myr, 
it is expected that the Ha flux is proportional to the number 
of photons produced by the young, hot stars and so the Ha 
flux provides a nearly instantaneous measure of t he SFR, in- 
depe ndent of the previous star formation history (jKennicuttl 
1 19981 ). There are many ca librations available for conversion 
of Hq luminosity to SF R (Kcnnicutt 1983, Konnicutt et al.' 
1 1994 iDopita fc Rvderl ,1994. L pithcrcr fc Hockia an. 1995). 
The most recent calibration by iKennicutj (| 19981 ) for solar 
abundances and Salpeter initial mass function (IMF) with 
the mass range 0.1 — 100 Mq is 

SFR (Mq yr-') = 7.9 x lO^''^ L(Hq) erg s'^ (2) 

The observed Ha luminosities of the H II regions corrected 
for extinction and contribution from the [Nil] line, range 
from lO^S ''^ erg s'^ for complex C14 to IQ^O-^^ erg for 
complex C9. Using the calibration by iKennicutd (|l998l ) we 
calculated the SFR for the individual complexes as reported 
in Table El 

Complexes C2, C3, C4, C7, C9 and Cll aU have high 
star formation rate and from Figure [3] we can see that these 



complexes lie in the northern part of the galaxy in the spiral 
arms whereas other complexes namely C12-19 which lie in 
the southern part of the galaxy show a factor of 10 lower 
star formation. Complexes C20-23 which lie in the nuclear 
proximity, also show lower star formation. Complexes C12- 
17 which lie in the southern part of the galaxy, show rela- 
tively high Ha equivalent width, younger age but low SFR. 
Also, the CO map reveals high density of the molecular gas 
l| Young et al.ll 19951 ) in the southern part of the galaxy. From 
the observed high Ha equivalent width, younger age and 
very low SFR, it appears that the south-west part of the 
galaxy represents young compact star forming regions. Sim- 
ilar compact star forming regions with extreme equivalent 
widt h of Ha are found in galaxy clusters Abell 539 and Abell 
634 (|Reverte et al.l [20061 ) . It is proposed that the compact 
starburst in Abell 539 resulted because of the compression 
of the intergalactic clouds. We expect that in the southern 
part of NGC 1084, where the density of the molecular gas 
is high (|Young et al.|[l995l ). similar compression of the gas 
could have caused the compact bursts of star formation. 

We have also estimated the integrated Ha flux and Ha 
luminosity of the galaxy as 8.32 x 10~^^ erg cm"'^ s~^ and 
3.5 X lO*'^ erg s~^, respectively, which matches well with 
their respective estimates of 6.6 x lO"'^^ erg cm~^ s~^ and 
2.78 X 10"^ erg s"^ by Kennicutt (1983). The total star for- 
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mation rate of the galaxy using Eq. (2) turns out to be 
2.7 7 M(7)yr~^ The IR AS flux at 60 /im is Sso/im = 29.7 
Jy ([Young et al.l[l98 9l). The corre sponding lumino sity at 60 
/xm using the relation given by jPevereux et al.l lfl997 'l is 
14.74 X 10^ Lq. For galaxies having Sioo/im/Seo/im colour 
typical of spiral galaxies, the 60 /xm luminosity represents 
~40% of the total luminosity in the range 1-1000 fim. The 
infrared luminosity in the range 1-1000 ^m can be used to 
estimate star formation rate of the galaxy using relation 
given bv IScovflle fc Youngj l| 19831 ). The star formation rate 
for NGC 1084 using FIR luminosity is 2.84 Mgyr'^ which 
is in good agreement with our estimate of SFR using Hq 
flux. Clearly, the star formation rate is high but not as high 
so as to classify this galaxy as a starburst. 

NGC 1084 is known to have kinematically distinct re- 
gions in the central part (R < 5") and in the periphery of 
the galaxy at R = 40" — 50" to the north-east from the cen- 
tre. The central peculiarity was thought to arise due to the 
presence of a minibar, but in the absence of observational 
signature of a bar in the optical and H band image it is inter - 
preted as a result of triaxial potential (jFridman et ahlboOSh . 
The fast moving region with non-circular motion in the pe- 
riphery of the galaxy termed as "spur" (shown in Figure [3]) 
extends up to 1-2 kpc and is observed in the regions located 
in between the HII complexes C3, C4 and beyond, which 
is accompanied by sharp rise in the [NII] /Ha ratio com - 
pared to those of neighbouring HII regions (|Moiseevll20"00l ). 
indicative of the presence of strong shock waves. The higher 
value of [OIIIJ/H/3 and also moderate value of [Nil] /Ha 
ratio for complex C5 (Figure indicates the influence of 
a mild shock. The enhanced [Nil] /Ho? ratio and the non- 
cir cular mot i on in the outer region of the galaxy is explained 
by iMoiseevl l|2000l ) as due to a possible infall of extrapla- 
nar high-velocity clouds or tidal disruption and accretion of 
a small galaxy. From our analysis, discussed in Section U 
southern and eastern regions of the galaxy comprising com- 
plexes C12, CIS, C14, C15, C16, C18, C19 and C24 are less 
obscured from dust as is evident from the reddening value 
which is 0.07 < E(B-V) < 0.15 mag for this region. Hence 
the south-eastern region (C18, C19, C24, C15, C14) of the 
galaxy disk is the nearest to the observer. These regions have 
very little star formation evident from their star formation 
rates (refer Table [SJ. From the colour-colour mixed popu- 
lation diagram (Figure [7]), it is also evident that complexes 
C12, C16 and C24 are forming young stars (< 6 Myr) but 
only in a small fraction (~10%) compared to the old popu- 
lation already present. Northern complexes namely C2, C3, 
C4, C6, C7, C8, C9 all have reddening in the range 0.3 < 
E(B-V) < 0.5 mag, indicat ing that they lie on the far side of 
the disk from the observer. iMoiseevI (|2003) detected velocity 
anomalies in the "spur" region, wherein the redshifted resid- 
ual velocities for the gas are nearer to complexes C2, C3 and 
blueshifted residual velocities for the gas flow are detected 
nearer to the complexes C4, C5 and C25 region, indicating 
an off-center rotating polar ring showing us the receding and 
approaching parts. From the mixed population evolutionary 
tracks (Figure [7]), we find evidence for a starburst 10 Myr 
before the current one in several complexes: C5, C6, C12, 
C16, C18, C24, C25, C26, C27. An earlier starburst sepa- 
rated by 20-30 Myr may be present in complexes C3, C8 and 
C15. Still older starbursts may be present in complexes C4, 
CIO, Cll and C18, but are not easy to distinguish due to 



the recent strong burst. However, CI, C17, C20, C21, C22, 
C23 provide indications of a weak burst superposed on a 200 
Myr old population. 

The 1.49 GHz map of NGC 1084 obtained with VLA 
by Condon (1987) shows strong emission coincident with 
northern complexes (C2, C3, C4, C7, C9). This map shows 
another radio source ~3'.5 south-west of the centre of NGC 
1084, and also a bridge connecting t he disk of NG C 1084. 
A small island of strong Ha source l|Moiseevl 120001) lies on 
this bridge and also a blue region seen in our B — V map 
(Figure [2]). [MoiseevI l|2000l ) proposed that NGC 1084 may 
have interacted and merged with a gas rich dwarf galaxy 
recently. A recurrent burst of star formation may have oc- 
curred in the circumnuclear region 200 Myr ago due to this 
interaction. Our mixed population models, show recurrent 
starbursts over the last 40 Myr. Deeper optical, I R and HI 
observ ations are needed to ascertain the nature of ICondonI 
(| 19871 ) source and its relationship with NGC 1084. 



5 CONCLUSION 

Broad band UBVRI, narrow band Ha photometric and 
spectroscopic studies of the star forming regions of NGC 
1084 are presented. The total star formation rate in this 
galaxy is found to be 2.8 M0yr~^, not so high as to clas- 
sify this galaxy as a starburst galaxy. Star formation in this 
galaxy is highly chaotic wherein the star formation is not 
confined to the spiral arms only. This galaxy is forming 
stars at different rates in the northern and southern re- 
gions. Northern part of the galaxy shows bulk production 
of massive stars as is evident from the SFR in the range of 
0.3 < SFR < 0.5 M0yr~^ for individual complexes. South- 
ern part of the galaxy shows much lower star formation and 
at a much lower proportion compared to the earlier bursts. 
Ages of recently formed young stars in the southern region 
are < 4 Myr whereas the northern complexes have ages in 
the range 5-6 Myr. Bulk production of stars in the northern 
region is attributed to a series of shorter bursts of star for- 
mation over the past 40 Myr, possibly due to interaction and 
merger with a gas rich dwarf galaxy. There is a radio source 
3'. 5 south-wes t of the galaxy, connected to it by a bridge 
(|Condonlll987l ). and it would be of interest to understand 
the nature of this source. 

Differences found in the star formation parameters in 
the northern and southern part of the galaxy disk are not 
seen in metallicity. All the spectroscopically observed com- 
plexes show metallicities close to solar. 
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